Abstract: A novel shape memory polymer based on conetworks (CNs) was synthesized. These conetworks consisting of poly(methyl methacrylate) and poly (ethylene glycol) diacrylates showed excellent shape-memory properties with a recovery ratio of nearly 100%. Moreover, different shape memory effects were discovered in different mediums due to their amphiphilic properties. In addition, a large storage modulus ratio above and below the glass transition temperature(E ratio ), which probably means excellent shape memory effect, were obtained due to the designed CN structure whether crystallization existed or not. It is quite different from the traditional methods to achieve large E ratio values. The versatility of shapememory conetworks potentially provides us a new route to prepare shape memory materials.
Introduction
Shape memory polymers (SMPs) are highly attractive for their inherent properties of mechanical flexibility, tunable transition temperatures, light weight, and easy processing. [1] Compared with other shape memory materials, SMPs can also move actively in response to external stimulus such as light, pH, humidity, ionic strength and solvent compositions. Furthermore, some polymers can also be multi-stimulisensitive. This adds significant benefit to their potential applications, including drug delivery systems, biocatalysts and biosensors [2] [3] .
Up to now, polymers designed to exhibit a shape-memory effect require two components on the molecular level: crosslinks to determine the permanent shape and switching segments with transition temperature (T trans ) to fix the temporary shape. Even though it's essentially a phenomenological description, under its direction, several structure characteristics have brought new classes of materials, i.e., semi-interpenetrating network (semi-IPN) for two transition temperatures, [4] [5] photo reversible network for light-induced shape-memory effect and a two-step programming process for triple-shape performance. [6] [7] In fact, all these works have facilitated new structural concepts for SMPs designing. Some other characteristic networks, i.e., bimodal network, [8] grafted network, conetwork (CN), may also possess similarities with the mentioned fixing-switching phase structure. Moreover, CNs, which are delineated and differentiated from similar constructs (e.g. IPNs, grafted networks in 1988), are different from IPNs with the nature of constraints between the phases. In CNs the molecules are constrained by chemical bonds, while in IPNs the phases are constrained by physical forces, i.e. entanglements. The suffix "co" in front of the word "network" calls attention to the presence of two network constituents. [9] As a special structure, technologies for CN are now mainly used in smart gel. Lately, much of the preceding discussion has focused on their smart or intelligent manners to the medium they are in contact with. [10] [11] In fact, their ability to undergo rapid and massive morphological rearrangement is a hallmark of these systems. Even more, the role of CN in thermo sensitive gel has also been demonstrated by our group. [12] [13] Hereby, taking CN structure and shape memory mechanism mentioned above into consideration, we consider that it's possible to obtain shape memory effect by introducing CN structure. In this system, both polymer chain segments form links between netpoints while both chain segments can be also considered as netpoints and both segments contribute to the whole activity. [6] It can be concluded that the double roles of segments in CN may promote a coordinated recovery.
In this communication, we report a novel material based on CN structure composed of poly(methyl methacrylate) and poly(ethylene glycol) diacrylates (PMMA/PEGDA) showing excellent shape memory behaviour. Up to now, to the best of our knowledge, no similar work has been reported. The versatility of CNs will enable a novel approach for shape memory systems.
Results and discussion
The conetworks of poly(methyl methacrylate) and poly(ethylene glycol) diacrylates (PMMA/PEGDA) were synthesized by free radical copolymerization of monomers and telechelic macromonomers which is a classic method to prepare CNs. This CN showed 1% and 6% weight loss in extracting experiments for 15 wt.-% and 45 wt.-% PEGDA content respectively. The weight loss values are much lower than the value of 25 wt.-% in PMMA-PEG semi-IPN where PEG content is 35 wt.-%,which means both PMMA and PEGDA segments were linked together to form a whole network. Moreover, no other crosslinkers were added and swelling behaviours were still observed in both acetone and boiling water. These facts are coincident with other reports about amphiphilic networks. [14] [15] Therefore, it may be concluded that CN structure was formed (Fig. 1) . The chemical bonds between PMMA and PEGDA segments distinguish it from our previous semi-IPN. [4] The time evolution of curvature determined from the images during the recovering process was shown in Fig. 2 , in which a helix was regained perfectly in 36 s in 85˚C. It can be seen that the helix was as exact as its original shape and no default was found. That's to say, these CNs possess excellent fixing and recovering ability.
Fig. 2.
Series of photographs showing the macroscopic shape memory effect of PMMA/PEGDA CNs: its permanent shape is a spiral and the recovery process takes 36 s after being heated to 80 ˚C.
As an important kind of intelligent materials, shape memory polymers require two components on a molecular level to act as fixing and recovering switches, respectively. [1] Accordingly, PMMA chains change in accordance with PEGDA chains and all chain segments contribute to the fixing and recovering activity in PMAA/PEGDA CNs. When the sample was heated, both PEGDA and PMMA segments became moveable chains. [16] They could be deformed easily above their corporate T g . When being cooled to room temperature, they returned to glass state, favoring the fixing of a temporary shape. When the sample was heated to T trans again, the molecular motion was strengthened and the relaxation of the internal stress that was frozen into the sample initialized the initial shape. Meanwhile, both chain segments could be also considered as netpoints; high recovery ratio was achieved. In this case, all chains participate both in the deforming and fixing process, thus the double roles of segments in CN means all the chains that contributes to the overall transformation [6, 9] .
In ordinary SMPs, when crystallisable component exists, crystallization always acts as switching phase. [17] However, in these CNs there is the obvious two phase structure displayed in the DSC result of the PMMA/PEGDA CNs (Fig. 3) . When PEGDA content is 35 wt.-% and 45 wt.-%, there is a slightly endothermic peak found in glass transition region, indicating that a small amount of PEGDA crystallize. Probably, the reversible order-disorder transition of crystallization aggregates of PEGDA can act as switching phase, which is identified with our previous work. [4] However, when PEGDA content is no more than 25 wt.-%, only one glass transition is observed at about 81.2 ˚C and 67.8 ˚C corresponding to the main glass transitions and no endothermic peak at around 40-50 ˚C is found, which means crystallization is almost completely restricted and the networks exhibit homogeneous amorphous phase. It's an interesting phenomenon that when there is no crystallization served as switching segments the CN still displays a high recovery ratio of more than 99%. To illustrate this special behaviour, the thermo-mechanical properties of the networks were determined by DMA. Fig. 4 shows the temperature dependences of the storage modulus E', loss modulus E'', and tanδ for PMAA/PEGDA CNs with various compositions, respectively. It can be noted that the average logE' values of the plateau decrease gradually with the increasing of PEGDA content, and then a sharp decrease is observed (Fig. 4a) , while a relatively small difference is discovered in storage modulus for pure PMMA network, even more, it still shows a larger difference in storage modulus below and above T g than PMMA-PEG semi-IPN whom is reported as shape memory material (Fig. 4d) . The maximum storage modulus ratio (E ratio ) of this kind of conetworks can be more than 250, which may indicate a better shape memory effect. [3] Particularly, when PEGDA content is 15 wt.-% the E ratio is as large as 199.5 (Fig. 5) , which is satisfactory for excellent shape memory materials. Furthermore, when PEG content is low, the network displays a single dynamic mechanical relaxation, indicating it is fully amorphous, in agreement with DSC analysis.
Generally, it is considered that polymer networks could not show satisfactory shape memory behavior for lacking in a high E ratio [18] [19] . For example, crystallizable oligo (ε-caprolactone) has been selected as triggering phase [20] [21] . Adjustable crystallizability has also been used to design semi-IPN in our previous work [21] . Nevertheless, whether crystallization exists or not, large E ratio s are obtained in CNs. It is quite different from other similar systems by introduction of crystallizable phase to gain a large E ratio which is widely used by many shape memory systems [22] . It's interesting that when PEG content increase, the E ratio decrease from 199.5 to 169 and then increase to 251.7 (Fig. 5) . However, all these values are much larger than that of pure PMMA network. We are inclined to believe that there are two different mechanisms in these CNs with special microstructure and both of them are efficacious for shape memory behavior. When PEG content is low, the sample is amorphous and the large ratio depends on the CN structure. When PEG content is high enough to crystallize, crystallization contributes to an extra E ratio for a higher value. To further analyze the transition, the E'' temperature sweeps were also examined in Fig. 4b . It can be seen that that this parameter drops suddenly around T g or T m , exhibiting the behaviour typical of crosslinked polymer network with respect to E' curve. However, though the maximum tanδ appears（Fig. 4c）, the maximum E'' is difficult to recognize. These results may be attributed to the sharp decrease of E'. As far as we know, no similar explanation has been illustrated for this result. Here, it may be due to the correspondences between the two different polymer segments [23] .
For a further investigation, the shape memory effect was characterized by bending test, the recovery ratio is of nearly 100% (Fig. 6 ) and no significant change of repetition was observed in tested cycles (8~12 times). In SMPs, the fixing phase imparts a level of rigidity, dimensional stability and thermal resistance, while the reversible phase provides the ability of the elastomer's primary recovery and energy absorption. Particularly, for CNs with no crystallization, the recoverable force may come from the difference in activity of moveable chains and netpoints. In addition, for a further investigation for CN structure, shape memory behaviors were also studied in medium. It was found that the samples successfully regained their original shape in less than 15 s in hot water, with most of the recovery being accomplished within the first couple of seconds. Regretfully, only one cycle was found unless dried in air before the next cycle, which is quite different from the results in air, indicating that the water dissipated into the polymeric matrix has pronounced effect on their microstructure [5, 24] . It can be explained that the PMMA/PEGDA CNs are amphiphilic to some extent. However, for the content of PEGDA chain is relatively low, the hydrophilic properties cannot behave well in water and just destroy the network structure. Otherwise, when the sample was tested in acetone, it shows a slowly recovery in acetone in room temperature with good cyclicity for PMMA chains becoming soft and providing activity to recovery. Therefore, it can be concluded that proper ratio of the two chains might endow conetworks with recovery ability in different solvents and the properties of material can be adjusted by changing the ratio and kind of the two segments.
Conclusions
This article illustrates that it is a novel way to design shape memory polymers by introducing CN structure. These CNs based on PMMA/PEGDA segments showed excellent shape-memory properties with a recovery ratio of nearly 100%. In addition, CNs can obtain high E ratio s which are important for shape memory materials. The versatility of shape-memory CN potentially provides us a new route to prepare shape memory materials with new structure and properties.
Experimental part

Materials
Methyl methacrylate (MMA) was distilled under reduced pressure before use. 2,2'-azobis (isobutyronitrile) (AIBN) was recrystallized from methanol solution. Ethylene glycol dimethacrylates (EGDMA) was purchased from Aldrich Chemical Co. Poly (ethy1ene glycol) (PEG) (Aldrich), with nominal molecular weights of 4000, was dried by heating at 70˚C for 12 h under vacuum. Poly (ethylene glycol) diacrylates (PEGDA) 4000 was performed from PEG4000 according to the procedure described in literature [25] .
Preparation
The PMMA/PEGDA networks were prepared by radical polymerization of 54.5-84.5 wt.-% MMA and 15-45 wt.-% PEGDA in the presence of 0.5 wt.-% AIBN as an initiator. The reaction mixture was kept in ultrasonic for 10 min to intensively mix and remove oxygen, and then injected into the space between two glass plates separated by silicon rubber spacers (2 mm thick) or into a cylindrical glass tube with a diameter of 3 mm. Reaction was carried out at 55 ˚C for 48 h, and then heated from 60 ˚C to 120 ˚C and kept at 120 ˚C for 1 h. All specimens was slowly cooled and then dried under vacuum at 60 ˚C for 24 h to remove residual monomers and the isolated weight was determined. After polymerization, the PMMA/PEGDA networks were immersed in ethanol-acetone mixture (50:50 wt.-%) overnight, repeated it for three times. The sample was then extracted in acetone for 24 h. After all specimens were dried under vacuum at room temperature for 3 days, the sample was weighed again.
Characterization
Thermal analyses were carried out with differential scanning calorimeter (PerkinElmer DSC-7) over the temperature range 70 ˚C~150 ˚C at a heating rate of 10 ˚C/min, purged with nitrogen gas and quenched with liquid nitrogen. Dynamic mechanical analyses (DMA) were carried out with a DuPont 983 DMA at fixed oscillation amplitude of 0.1 mm and under nitrogen gas purging. The sample was heated from 10 ˚C to 200 ˚C with a heating rate of 3 ˚C/min. The shape memory effect was examined by a bending test as follows. a straight strip (size: 60×12×2 mm) of the specimen was folded at 90 ˚C then cooled to keep the deformation. Then the deformed sample was heated again at a fixed heating rate of 5 ˚C/min from 20 ˚C to 180 ˚C and the change of the angle θf with temperature was recorded. The ratio of the recovery was defined as θf /180.
